ABSTRACT This paper proposes a bidirectional undersea capacitive wireless power transfer system (BD-UCWPT) for the autonomous underwater vehicles (AUVs). The two H-Bridge circuits are adapted in the proposed BD-UCWPT system to achieve the bidirectional power flow. The H-Bridge circuit is built based on the GaN devices. As a result, the high switching frequency, and low power loss could be reached. The two LCLC compensation networks are respectively used in the transmitter side and receiver side. The simulation work is conducted with the Ansys Maxwell, PSIM and MATLAB. In the experiments, two seawater bags are added in the middle of two metal plates of C S1 and C S2 to model the seawater condition, respectively. In order to verify the theory analysis, a 100W experimental BD-UCWPT system is constructed. The experiments have been conducted in air and in seawater, respectively. The simulated and experimental results are compared with each other. It shows that, with this BD-UCWPT system, the power of AUVs could flow bidirectionally. The stable operation and high efficiency of BD-UCWPT system is verified. The research work in this paper could facilitate the application of wireless power transfer (WPT) system for AUVs and other undersea devices.
I. INTRODUCTION
Wireless power transfer (WPT) system has attracted more and more attentions in recent years, which is developed to deliver power to electrical equipment in different areas, contactlessly. There are two different types of WPT systems: one is capacitive wireless power transfer (CWPT) system [1] - [3] , the other is the inductive wireless power transfer (IPT) system [4] - [7] . IPT system transfers the power wirelessly by adapting magnetic field with the inductive coils. However, the power is transferred by the CWPT system through the high frequency alternating electric fields. With the IPT system, the power could be transferred with the high efficiency and high capacity. It has been widely used for mobile phones [8] , [9] , biomedical devices [10] , [11] , sensor networks [12] , [13] , electrical vehicles [14] - [16] and autonomous underwater vehicles (AUVs) [17] . The DC-DC efficiency could be over 90% with the resonant network and the transfer distance could be reached several hundreds of mm. The IPT system has been
The associate editor coordinating the review of this article and approving it for publication was Zhixiang Zou. used in the undersea condition with the good performance. The new design with the two decoupled receivers composed of two reversely wound receiver coils. This system could deliver the power level more than 600W with a maximum DC-DC efficiency 92.6% as shown in [18] . Paper [19] provides a three-phase wireless charging system for lightweight AUVs. The power transfer efficiency is 92.41% at frequency 465kHz. Its power level is 1.0kW [19] .
In order to have a good analysis of underwater or undersea wireless power transfer (UWPT) system, the eddy current loss in seawater is deeply studied in different circumstances in [20] . It shows that the optimum resonant frequency will be shifted because of the eddy current loss in seawater. Paper [21] proposes a maximum power efficiency tracking (MPET) method to estimate the system's coupling coefficient and to track the peak efficiency. A structure of 4-layered spiral coil resonators is provided in [22] for UWPT system. The efficiency is improved with this new structure.
However, as shown in [23] , the IPT system is very sensitive to conductive objects such as metal debris around it. On the other hand, the magnetic fields will generate the eddy current losses in the metals which is located near the IPT system. The temperature will be highly increased which is dangerous to the human beings or animals in practice. In order to solve the above-mentioned problems of IPT system, the CWPT system is a good answer.
The CWPT system could use the electric fields to transfer power to replace the magnetic fields. With the electric fields, the significant power losses could be removed [24] . As the allium metal plates are adapted, the price of WPT system could be rapidly cut down. It is easier to design a capacitive metal plates than the inductive coils. In recent years, CWPT system has been deeply studied. A doublesided LCLC compensated CWPT system is proposed in [23] , which is developed for the electrical vehicle. The 2.4kW power level is designed with the four copper plates (size 610mm×610mm). The maximum efficiency of proposed CWPT system is 90.8%. Paper [24] presents a four-plate compact capacitive coupler CWPT system with the LCL compensated topology. To save space, the four plates are placed vertically instead of horizontally. The 85.87% efficiency was achieved with 1.88kW output power at the 150mm air-gap distance. An inductive and capacitive combined parallel transmission of power and data WPT system is shown in [25] . The inductive channel is used to transfer the energy and the capacitive channel is adapted to transfer data. Paper [26] develops wireless battery charging system for an unmanned aerial vehicle or drones based on the CWPT system. It operates at frequency 6.78MHz and its power level is 12W. The tested efficiency is about 50%. Paper [27] presents a novel one-kilowatt CWPT system via wheels of a compact electric vehicle. In this paper, a high KQ capacitive coupling scheme is built. The tested efficiency is about 80%. A power maximization for CWPT system is presented in [28] . It adapts two transmitters and one receiver. Paper [29] proposes a CWPT system for LED driver. The isolation function is verified by simulation and experiments. A Z-impedance compensation for CWPT system is developed in [30] . With a 5W topology, the proposed compensation network exhibit the open-circuit and short circuit immunity, it could boost up the output voltage by 50%.The power loss characteristics of CWPT system is shown in [31] .The power loss is analyzed under the condition of output power 200W with the LC resonant circuit. Its operation frequency is 1MHz. Paper [32] introduces a CL compensation circuit on the secondary side to reduce the voltage stress across the electric field coupling interface. It shows that the quality factor could be reduced to make the system less sensitive to circuit parameter and load variations by increasing capacitance. A high power-density CWPT system is presented in [33] .The resonant frequency is set 6.78MHz by adapting GaN-based devices. With the zero-voltage switching, the 90.4% efficiency is achieved. The power density of proposed CWPT system is 51.4kW/m2. In [34] , a DC-DC converter is used to track the maximum output power of a CWPT system. A perturb and observe algorithm is developed for controlling the duty-cycle of the DC-DC converter to track the maximum power against load variations. The 70% efficiency is achieved with a wide range load variation from 5 to 500 .
When it comes to the UWPT system, there is very few research papers. A CWPT system is proposed in [35] for operation. This CWPT system is used for the AUVs. It achieves the 91.3% efficiency at the power transfer distance of 20mm. Howevr, the proposed CWPT system is just used for the fresh water. The power could be transferred in one way-from the power station to the AUVs.
To authors' best knowledge, there is no CWPT system which is used in undersea condition. With the good performance of CWPT system, the research on the undersea capacitive wireless power transfer (UCWPT) system will facilitate the applications of WPT system for smart ocean energy system. In the future, the AUVs will provide more good performance if the power could be flowed bidirectionally. It means that one AUV could be charged by the WPT station and discharge its stored energy to other AUV. In order to achieve this function, the bidirectional undersea capacitive wireless power transfer (BD-UCWPT) system should be studied and analyzed.
This paper proposes a novel BD-UCWPT for AUVs and other undersea equipment. The rest of paper is organized as follows: Section II provides the theory analysis. The simulated and experimental verification is shown in Section III. The conclusions and discussions are drawn in Section IV.
II. THEORY ANALYSIS
As shown in Fig. 1 , the proposed BD-UCWPT system will be used for AUVs. An AUV will be charged by the undersea charging station and discharge its energy to other AUV through the electric fields. It can be seen from Fig. 2 , the DC VOLUME 7, 2019 FIGURE 2. PWM waveforms of BD-UCWPT system. power source will be firstly inverted to AC voltage for the transmitter by the H-bridge 1. Then, the power will be wirelessly transferred from the transmitter to the receiver through the capacitive channels. The H-bridge 2 at the receiver side will act as a rectifier to change the AC voltage to the DC voltage for the load.
The equivalent operation states are shown as Fig. 3 , the power flows from the V H to V L . In this paper, the forward power flow is taken as an example (from the V H to V L ).
In the transmitter side, it can be seen from Fig. 3(a) , when switches S 11 and S 14 are turned on and S 12 and S 13 are turned off, the current of the power source flows through the transmitter in the forward direction. The LCLC compensation network at the transmitter side will work at the resonant frequency. In the receiver side, as shown in Fig. 3(a) , when switches S 22 and S 23 are ON while switches S 21 and S 24 are OFF, the positive half cycle of the alternating current of receiver will charge the filter capacitor and the V L . At the same time, the LCLC compensation network at the receiver side will work at the resonant frequency. The filter capacitor will transfer its energy to the V L . The power is wirelessly transferred.
As shown in Fig. 3(b) , when switches S 12 and S 13 are turned on and S 11 and S 14 are turned off, the current of the power source will flow through the transmitter in the reverse direction. During this time period, the LCLC compensation network on the transmitter side will work at the resonant frequency. It can be seen from Fig. 3(b) , when switches S 21 and S 24 are ON while switches S 22 and S 23 are OFF, the negative half cycle of the alternating current of receiver will flow through the filter capacitor and the V L . During this time period, the LCLC compensation network on the receiver side will work at the resonant frequency. At the same time, the filter capacitor will transfer its energy to the V L . As a result, the power is wirelessly transferred with the proposed BD-UCWPT system.
The power which is transferred from the receiver to the transmitter is similar to the operation of the forward direction power operation of proposed BD-UCWPT. In one switching cycle, in the forward direction, the power is transferred from V H to V L . In the reverse direction, the power is transferred from V L to V H .
As shown in Fig. 1 , the equivalent capacitance could be written as:
Considering the edge effects, one single capacitor, with the seawater medium, can be calculated: where 1 is the length of metal plate, d is the distance of one pair of plates, and ε sea is the permittivity of seawater. As shown in [36] , the permittivity of seawater, temperature, salinity and angular frequency of electromagnetic wave have a relationship as:
where ε ∞ (S, T) is the seawater dielectric permittivity high-frequency limit, dimensionless (the value is 4.9); ε 0 = 8.854×10 −12 Fm −1 is the permittivity of free space; ω = 2πf, f is the frequency of electromagnetic wave;ε 1 (S, T) is the static permittivity of seawater and δ(S, T) is the ionic conductivity of seawater.
The static permittivity of seawater and the ionic conductivity of seawater are respectively written as (4) and (5), as shown at the bottom of the next page.
The relaxation time of seawater could be derived as (6) , as shown at the bottom of the next page.
Setting the voltage of capacitor C 1 is equal to V 1 , the voltage of capacitor C 2 could be written as:
Based on Fig. 1 , the voltage of C 4 could be derived as
where V 1 is the voltage between points A and B of H-Bridge 1.
The current of inductor L 1 could be written as:
The output power could be derived as:
where V 2 is the voltage between points C and D of H-Bridge 2.
In the resonant condition, the rms voltage of capacitor C 4 is equal to the rms voltage of inductor L 4 . It can be presented as:
The current of capacitor C 4 is derived as:
The voltage of capacitor C 2 could be written as:
According to Fig. 1 , the V AB(t) of H-Bridge 1 could be written as:
Then, the rms value if V AB(t) could be derived as: As shown in Fig. 1 , the the V CD(t) of H-Bridge 2 could be written as:
Then, the rms value of V CD(t) could be derived as:
III. SIMULATION AND EXPERIMENTAL VERFICATION
In order to illustrate the viability of the proposed BD-UCWPT system and to verify the accuracy of the theory analysis, a 100W 'proof of concept' prototype shown in Fig. 4 . It can be seen from Fig. 4 , the experimental prototype is composed by the two H-Bridges (H-Bridge 1 and H-Bridge 2), two LCLC compensation networks, load resistor and filter capacitor. The resonant frequency is set 625kHz. As shown in Fig. 4 , in the experiments, two seawater bags are respectively placed in C S1 and C S2 to model the seawater medium. The circuit parameters of proposed BD-UCWPT system is shown as Table 1 . The simulation is conducted with Ansys Maxwell, PSIM and MATLAB. The input voltage and input current are tested to calculate the input power. What's more, the load voltage and load current are tested to calculate the load power. The experiments are conducted under different distances between transmitter and receiver (3cm, 5cm, 8cm, 10cm, and 15cm). What's more, the experiments are conducted in air and seawater to test the performance of proposed BD-UCWPT system. The proposed BD-UCWPT system is controlled by the open-loop synchronous control method or phase-shift control method. In the forward direction power flow, the V H acts as the power source while the V L is replaced by the load resister. In the reverse direction, the V L acts as the power source while the V H is replaced by the load resister.
A. SIMULATED VERRIFICATION
The simulation is conducted with the load resistance 100 . The BD-UCWPT system is controlled with the open-loop frequency is set 625 kHz. The simulated results are presented in Fig. 5 and Fig. 6 . As shown in Fig.5 and Fig.6 , the proposed BD-UCWPT system works in the resonant condition. It can be seen from Fig. 5 and Fig. 6 , with the open-loop synchronous control method, the load voltage is about 80V at the load resistance 100 in the forward direction. The proposed BD-UCWPT system works in the resonant condition and the power is transferred through the electric fields. The load voltage and load current are kept stable. The tested load voltage is 78.88V with the input voltage 100V and load resistance 100 . As shown in Fig. 7 and Fig. 8 , the BD-UCWPT system works in the reverse direction. The power is wirelessly transferred from V L to V H . It can be seen from Fig. 7 and Fig. 8 , in the the resonnat condition, the tested load voltage is 86.34V with the input voltage 100V and load resistance 100 . The load voltage of the proposed BD-UCWPT system is a little higher than that in the forward direction.
The simulated results show that the proposed BD-UCWPT system could transfer the power bidirectionally. As a result, the theory analysis is verified.
The electric field flux of BD-UCWPT system in air and in seawater is shown as Fig. 9 . The 3D view of coupling capacitors is shown as Fig. 9(a) . It can be seen from Fig. 9(b) and Fig. 9(c) , the electric fields distribute in the two channels of two pairs of metal plates. There is leakage electric flux at the edges of metal plates. The electric flux strength of the coupling capacitors in the air as shown in Fig. 9(b) is similar to that in the seawater in Fig. 9(c) .
B. EXPERIMENTAL VERIFICATION
The experiments are conducted to test the performance of proposed BD-UCWPT system. A 100W experimental prototype is shown as Fig. 4 . In order to model the seawater condition, two plastic bags with seawater are respectively placed between the four aluminum plates. The aluminum plate is designed with the size 50cm×50cm×0.3cm. In the experiments, the range of input voltage is 0-100V.The resonant frequency is 625kHz.
The capacitance of C S1 and C S2 are tested with air medium and seawater medium, respectively. As shown in Fig. 10 , with the air medium the highest capacitance of C S1 and C S2 is about 100pF at the distance 3cm and the lowest value is about 19pF at the distance 18cm. However, it can be seen from Fig. 11 , with the seawater medium, the highest capacitance of C S1 and C S2 is about 2800pF at the distance 3cm and the lowest value is about 650pF at the distance 18cm. As a result, compared to the air medium, the coupling coefficient and the coupling capacitance is highly improved with the seawater medium. The reason is that the permittivity of seawater is about 81 times bigger than the permittivity of free space. It means that the wireless power transfer could be conducted in the seawater condition with the much longer distance between transmnitter and receiver than in the air condition. It could transfer same power levele with the slower frequency. The tested highest efficiceny is 80.15% at the transfer distance 15cm. The CWPT system provide a very good performacne for the WPT system in seawater condition. It has a bright future to improve the power density in the future work of smart ocean system. VOLUME 7, 2019 FIGURE 10. Coupling capacitance of C S1 and C S2 with the variable distance with air medium.
FIGURE 11.
Coupling capacitance of C S1 and C S2 with the variable distance with seawater medium.
In order to verify the theory analysis of the proposed BD-UCWPT system, the experiments are conducted both in the forward power transfer direction and in the reverse power transfer direction. The proposed BD-UCWPT system is controlled by the open-loop synchronous control method. The experimental results are shown as Fig. 12 . As shown in Fig. 12(a) , in the forward direction, with the seawater medium, the load voltage is kept stable and the value is about 80V. The BD-UCWPT system is in the resonant condition. The voltage of V C2 and V C3 is sinusoidal wave. The voltage waveform of V C3 follows the voltage waveforms of V C2 . The power of proposed BD-UCWPT system could be robustly transferred with the distance 10cm between transmitter and receiver. It means that the power transfer capacity of the proposed BD-UCWPT system is good. Experimental results agree well with the simulation and theory analysis.
As shown in Fig. 12(b) , in the reverse direction, the voltage waveform of V C2 follows the voltage waveforms of V C3 , the load voltage is also kept stable in the reverse condition. As shown in Fig. 12 (b) , with the load resistance 100 , the load voltage is about 80V at the distance 10cm between transmitter and receiver.
It can be seen from the experimental results as shown in Fig. 12 , with the seawater medium, the power could be bidirectionally transferred between transmitter and receiver under resonant condition. With the open-loop synchronous control method, the load power could be maintained stable. At the same tested condition, the load power in the forward direction is similar to the power level in the reverse direction. The experimental results match very well with the simulated results.
C. COMPARISON WITH OTHER UWPT SYSTEMS
The comparison with other UWPT systems in terms of power level, operating frequency, efficiency, transfer distance and so on is shown in Table 1 . It can be seen from Table 1 , with the proposed UWPT system in this paper, the power could be transferred bidirectionally with over 80% efficiency for seawater at large distance. The capacitive UWPT system could be conducted by a simple structure consisting of four meatal plates. Compared with the inductive UWPT systems as shown in [19] , [21] and [37] - [40] , the power for capacitive UWPT is transferred by electric fields concentrated between the electrodes, the amount of the current on the electrodes of the coupler is very low, and the generation of heat due to ohmic loss is reduced. The eddy current losses which is generated by the magnetic fields in the metals located near the inductive UWPT system could be also removed with the proposed UWPT system. It is not sensitive to conductive objects.
IV. CONCLUSIONS AND DISCISSONS
This paper proposes a BD-UCWPT system for the AUVs. With the proposed BD-UCWPT system, the AUVs could be charged by the undersea wireless charge station and discharge its energy to other AUV or undersea sensors. In this paper, the CWPT system is firstly adapted in the undersea condition. A 100W experimental BD-UCWPT system is built. The two pairs of metal plates are acted as the WPT unit. The power is wirelessly transferred through the electric fields. The resonant frequency is set 625KHz. The theory analysis and functions of proposed BD-UCWPT system are verified with the simulation and experiments. The experimental results show that the power could be transferred bidirectionally between V H side and V L side. It has been done with air medium and seawater medium. The proposed BD-UCWPT system could work well in seawater. The GaN based H-Bridge could help reduce switching power loss in high switching frequency. With this BD-UCWPT system, AUVs could be conveniently charged in the undersea condition. This WPT system will facilitate the AUVs application and improve the smart ocean energy development in the future with an alternative undersea wireless charging method.
